The adsorption performance of a low-cost adsorbent (IS), viz. an iron-containing waste sludge arising during a hot-dip galvanizing process, towards the removal of As(III) ions from synthetic aqueous solutions and natural underground water was examined. The adsorption process was best described by the pseudo-second-order kinetic equation. The equilibrium adsorption data were well described by the Langmuir model. The value of the dimensional separation factor, R L , indicated favourable adsorption. The maximum adsorption capacity of IS was 625 µg As(III)/g. The variation in the extent of adsorption with temperature was used to evaluate the thermodynamic parameters for the adsorption process. The values of ∆H 0 and ∆G 0 obtained demonstrated that the adsorption process was exothermic and spontaneous. The studied material exhibited an excellent As(III) ion adsorption performance from both synthetic solutions and a natural water sample. Moreover, no secondary contaminated substances arise if the exhausted adsorbent is recycled (e.g. in glass applications).
INTRODUCTION
Contamination of drinking water sources with arsenic is a matter of worldwide concern. High doses of arsenic are known to be toxic to humans, but chronic long-term exposure to inorganic arsenic compounds can also be detrimental to health. The symptoms of chronic poisoning in human beings are numerous: skin cancer, liver, lung, kidney and bladder cancer, as well as conjunctivitis, hyperkeratosis and -in severe cases -gangrene in the limbs and malignant neoplasm (Borah et al. 2008 (Borah et al. , 2009 Chutia et al. 2009 ). For this reason, the maximum permissible limit in drinking water has been set at 10 µg/ᐉ according to the World Health Organization (WHO) (Gupta and Ghosh 2009; Maji et al. 2008; Banerjee et al. 2008; Partey et al. 2008) . In Romania, the arsenic concentrations in some underground waters vary between 0.05 and 3.7 mg/ᐉ, thereby exceeding the maximum limit set by the international standards. Highly concentrated arsenic waters in Romania were identified in the Saru Dornei region and in the Western Plain ). On the one hand, water becomes contaminated with arsenic as a consequence of natural processes such as weathering, biological activity and volcanic emission and, on the other hand, as a result of various industrial discharges, such as waste incineration, petroleum refinery by-products and wastes, fertilizers, insecticides and herbicides (Borah et al. 2009; Negrea et al. 2008; Jeong et al. 2007; Ohe et al. 2005) .
The toxicity of arsenic depends strongly on its oxidation state. It has been reported that inorganic As(III) combinations are more toxic than As(V) and organic arsenic compounds (Maji et al. 2008) .
Thus, choosing a technology for the removal of As(III) from drinking water often represents a challenge. Numerous methods have been proposed to reduce arsenic levels in natural waters, including oxidation-reduction, precipitation, co-precipitation, adsorption, electrolysis and cementation, solvent extraction, ion-exchange, ion flotation and biological processing (Gupta and Ghosh 2009; Nguyen et al. 2009; Borah et al. 2008; Banerjee et al. 2008; Partey et al. 2008; Hsu et al. 2008; Chen et al. 2008) . Although coagulation and co-precipitation processes are widely used at present for arsenic removal, they yield large amounts of sludge and demonstrate low removal efficiencies (Bilici Baskan and Pala 2009; Song et al. 2006; Parga et al. 2005) . Membrane filtration processes lower the arsenic concentration in water from 48 to 1-2 µg/ᐉ (Bissen and Frimmel 2003) , while ion-exchange methods can lower the arsenic concentration in natural waters down to 5 µg/ᐉ (Wang et al. 2002) . However, the application of membrane techniques, reverse osmosis and nanofiltration is expensive and requires highly qualified personnel for operation and maintenance purposes (Qu et al. 2009; Parga et al. 2005) . Furthermore, the removal efficiency of arsenic via these methods is strongly influenced by the solution pH and type of membrane employed (Kosutic and Furac 2005; Ning 2002) . Similarly, the use of ion-exchange resins is an unattractive option because of the high costs involved and the short life cycle of the resin. This is rapidly exhausted if the water contains substantial concentrations of sulphates or nitrates (Parga et al. 2005; Kim and Benjamin 2004) . Other treatment methods such electro-coagulation and electrodialysis have limited applications in this field because of the expensive equipment required and the high energy consumption involved (Balasubramanian et al. 2009; Parga et al. 2005) .
Adsorption has proved to be the most effective procedure for the removal of arsenic even when present in very low concentrations in aqueous solutions. To date, various adsorbents -both natural and synthetic -have been developed for arsenic removal. These include metal oxides/hydroxides (Gupta and Ghosh 2009; Banerjee et al. 2008; Partey et al. 2008; Jonsson and Sherman 2008; Jeong et al. 2007; Ohe et al. 2005) , natural and synthetic zeolites (Chutia et al. 2009 ), laterite soil (Maji et al. 2008 Partey et al. 2008 ), calcite (So et al. 2008 ) and activated carbon (Borah et al. 2008 (Borah et al. , 2009 Mondal et al. 2008) . However, the effective removal of arsenic from aqueous media is costly and requires expensive synthetic arsenic adsorbents. Consequently, there is a real need in developing countries for alternative low-cost solutions.
The goal for our research is to develop an arsenic-removal system using a low-cost adsorbent. This requires high arsenic affinity and good adsorption capacity. The material tested in the present work was an iron-containing waste sludge (IS) resulting from the hot-dip galvanizing process. According to literature data, iron compounds in general and particularly iron hydroxides are very efficient adsorbents for the removal of arsenic (Banerjee et al. 2008; Hsu et al. 2008; Mondal et al. 2008; Partey et al. 2008; Jeong et al. 2007; Yudovich and Ketris 2005; Nikolaidis et al. 2003; Thirunavukkarasu et al. 2003; Zeng 2003) .
Hot-dip galvanization is a coating process applied in order to prevent iron-based materials from corroding. Hot-dip galvanizing is one of the most common coating methods and is particularly used to coat steel. Before hot-dip galvanizing, samples are subjected to a preparation process which consists of degreasing, chemical cleaning, rinsing, fluidizer treatment and pre-warming. The wastewaters resulting from these operations are neutralized with lime. This method can efficiently remove heavy metals from wastewaters, but it generates a secondary product -iron-containing sludge -which is classified as an industrial waste and causes disposal problems ).
In the work described herein, arsenic removal from aqueous media using the hot-dip galvanizing sludge was tested in an attempt to provide an appropriate environmental and economical solution. In future work it is intended to further recycle the exhausted adsorbent (e.g. in iron glass applications -as As 2 O 3 is an effective O 2 carrier at high temperatures) and hence the method presented should generate no secondary contaminated substances at the end of the waste recycling/de-pollution process.
EXPERIMENTAL

Adsorbent characterization
Iron-containing waste sludge (IS) resulting from hot-dip galvanizing was dried in the open air at room temperature and then ground and sieved. In subsequent studies, the fraction possessing particles with diameters less than 0.32 mm but larger than 0.063 mm was employed.
IS was submitted to thermal analysis in order to determine both its thermal behaviour and the most appropriate drying temperature. For such purposes, a 17 mg IS sample placed in a Pt crucible was examined using a Perkin Elmer Diamond TG/DTA Analyzer, employing a linear heating rate of 10 ºC/min in a dynamic atmosphere (air, 100 mᐉ/min flow rate) with Al 2 O 3 being used as the DTA reference material. After analyzing the results, a temperature of 105 ºC was chosen for drying purposes.
Thus, IS was dried at 105 ºC for 24 h and characterized by scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX), X-ray diffractometry (XRD) and BETaccelerated surface area analysis.
SEM micrographs were obtained and EDX studies performed on a FEI Inspect S scanning electron microscope, thereby allowing the surface morphology of IS to be observed and its chemical composition analyzed. X-Ray powder diffraction patterns in Bragg-Brentano geometry were recorded on a Bruker D8 Advance automated powder diffractometer fitted with a NaI(Tl) scintillation detector and a graphite monochromator employing Cu Kα diffracted radiation (λ = 1.5418 Å). The specific surface area and the pore volume of an IS sample annealed at 200 ºC were measured using a Micromeritics ASAP 2020 BET surface area analyzer via nitrogen adsorption/desorption isotherms measured at -196 ºC. Thermal treatment was performed using a Nabertherm B 150 oven, the sample being heated at a rate of 10 ºC/min up to 200 ºC with the temperature being then maintained at this value for 1 h.
To understand the characteristics of the surface charge generated on IS in aqueous media, the point of zero charge, pH pzc , of IS was determined by batch equilibration techniques (Borah et al. 2008 (Borah et al. , 2009 Cerovic et al. 2007 ). In such experiments, a known amount of IS (0.2 g) was suspended in 100 mᐉ of a 0.005 M NaCl solution employed as an inert background electrolyte. All experiments were performed at laboratory temperature (20 ± 1 ºC). The value of the initial pH of the NaCl solution (pH i ) was varied between 2 and 12, being adjusted to the desired value using 0.1 M/2 M NaOH or 0.1 M/2 M HNO 3 , thereby keeping the volume variation of the solution to a value as low as possible. The pH values of the solutions were measured by means of a CRISON MultiMeter MM41 fitted with a glass electrode which had been calibrated using various buffer solutions. The suspensions were stirred for 1 h at 300 rpm by an IKA RTC basic magnetic stirrer. After the necessary stirring time, the suspensions were filtered and the final pH values of the solutions (pH f ) determined. The pH pzc was determined via a plot of pH f versus pH i .
Adsorption performance
The influence of different physicochemical parameters [contact time, initial concentration of As(III) ions and temperature] upon the adsorption of As(III) ions onto IS was investigated.
For all adsorption experiments, the initial pH of the solutions was maintained within the range 6.7-7.0, i.e. at the mid-point of the plateau obtained in the plot of pH f versus pH i mentioned above. This also corresponds to the most common pH value found in natural waters. In all cases, the same adsorbent dosage (0.1 g IS) was employed in 100 mᐉ of As(III) ion solution. The suspensions were stirred using a device fitted with a glass rod at a stirring speed of 200 rpm.
Prior to such experiments, a stock solution of arsenic was prepared by diluting an appropriate amount of 0.05 M NaAsO 2 solution (Merck TitriPUR). Other solutions of As(III) ions were prepared from the stock solution by appropriate dilution.
The effect of contact time at 20 ± 1 ºC was initially studied employing 100 mᐉ of a 100 µg/ᐉ As(III) ion solution with an IS adsorbent dosage of 0.1 g, the resulting suspensions being stirred for different contact times (15, 30, 45, 60, 90, 120 and 150 min) . Similar batch experiments were performed at 20 ± 1 ºC to study the influence of the initial As(III) ion concentration (100, 200, 300, 400, 500, 600 and 700 µg/ᐉ) on the adsorption process, while the influence of temperature was investigated by studying the adsorption process in a 0.1 g IS/100 µg/ᐉ As(III) ion solution system at three different temperatures: 20 ± 1, 25 ± 1 and 30 ± 1 ºC, respectively.
After stirring, the samples were centrifuged at 1200 rpm for 0.5 h using a Hettich ROTINA 420 centrifuge. The residual concentration of As(III) ions in the resulting solutions was determined using atomic absorption spectrometry with hydride generation Niedzielski 2005) . This method uses the selective reduction of As(III) ions to arsine (H 3 As) with sodium borohydride, NaBH 4 (Merck-Schuchardt; 0.6 w/v% solution), in a NaOH buffer (Chemapol, Prague, Czech Republic; 0.5 w/v%). The arsine gas generated was introduced into the flame of the atomic absorption spectrometer and the absorbance value measured at 193.7 nm was compared with a calibration curve obtained using As(III) ion solutions of various known concentrations prepared from the stock solution. The carrier solution employed in the flow injection system was prepared using HCl (37%, Corozin, Romania; 1:3). A Varian SpectrAA 110 atomic absorption spectrometer with a Varian VGA 77 hydride generation system was used for all measurements.
The various chemicals employed in the experiments were of A.R. grade and used without further purification. Distilled water was used throughout.
The extent of adsorption was quantified in terms of the adsorption capacity, q t (µg/g), of the adsorbent, corresponding to the amount of As(III) ions sorbed per g adsorbent at a known time t, as calculated from the following equation (Borah et al. 2009; Faghihian and Nejati-Yazdinejad 2009a,b; Gupta and Ghosh 2009; Kul and Caliskan 2009; Gopal and Elango 2007; Ohe et al. 2005) :
(1) where C 0 and C t are the concentrations of As(III) ions (µg/ᐉ) in the solution initially, (t = 0) and after a time t (min), respectively, V is the volume of the solution (ᐉ) and m is the mass of adsorbent employed (g).
Another parameter of interest was the removal degree of As(III) ions, η (%), which may be calculated from the relationship:
(2) where C 0 and C t have the same meanings as above.
To evaluate the potential use of IS as an adsorbent for As(III) ion removal from natural waters, we treated a sample collected from a well with a known high As(III) ion concentration situated in the western area of Romania (Negrea et al. 2009 ). The sample of water (100 mᐉ) was treated with the necessary amount of adsorbent (0.1 g) under the optimal conditions established employing synthetic As(III) ion solutions. The initial and residual concentrations of As(III) ions, as well as other metal ions, were determined by atomic absorption spectrometric methods. The experimental results cited below are the average of three sets of data obtained under identical working conditions.
Adsorption kinetics
Kinetic adsorption experiments were carried out with a view to finding out the time necessary for adsorption equilibrium to be established and the mechanism of the adsorption process. To examine the kinetics for As(III) ion adsorption onto IS, the experimental data were analyzed employing the following models: (a) A first-order reaction model expressed as an integrated concentration function and written as follows (Banerjee et al. 2008) :
where k 1 is the specific adsorption rate constant (min -1 ). 
where q e (µg/g) corresponds to the amount of As(III) ions sorbed per unit mass of IS at equilibrium and k s1 is the specific adsorption rate constant (min -1 ).
(c) A second-order reaction model based on the solution concentration as widely used for metal ion adsorption processes. The integrated form of this model may be expressed by the following equation (Banerjee et al. 2008 ):
where k 2 is the second-order rate constant [min -1 (µg/ᐉ) -1 ].
(d) The linear form of the pseudo-second-order rate expression of Ho and McKay (Borah et al. 2009; Gupta and Ghosh 2009; Kul and Caliskan 2009; Jeong et al. 2007 ) which may be written as:
where h = k s2 q e 2 , with k s2 being the pseudo-second-order rate constant [min -1 (µg/g) -1 ]. (e) Intra-particle diffusion, which is an important phenomenon for adsorption processes in porous materials. The functional relationship for this process which has been used by many authors (Bhattacharyya and Gupta 2009; Borah et al. 2009; Gupta and Ghosh 2009; Chen et al. 2008 Ho et al. 2000; Juang et al. 1996; Juang and Swei 1996; Singh et al. 1988 ) may be written as:
where k id is the intra-particle diffusion rate constant [µg/(g min 0.5 )] which may be calculated from the slope of the linear plot of q t versus t 0.5 .
Adsorption equilibrium
Langmuir and Freundlich isotherm studies were undertaken in order to determine the maximum adsorption capacity, q m (µg/g), of IS towards As(III) ions. The linear form of the Freundlich equation may be written as:
while the Langmuir isotherm may be written as:
where C e corresponds to the residual concentration of As(III) ions in the solution at equilibrium (µg/ᐉ), K F and 1/n are characteristic constants that can be related to the relative adsorption capacity of the adsorbent and the intensity of adsorption, respectively, q m is a measure of monolayer adsorption capacity (µg/g) and K L is a constant related to the free energy of adsorption (Borah et al. 2008 (Borah et al. , 2009 Chutia et al. 2009; Faghihian and Nejati-Yazdinejad 2009a,b; Gupta and Ghosh 2009; Kul and Caliskan 2009; Banerjee et al. 2008; Hsu et al. 2008; Partey et al. 2008; So et al. 2008; Jeong et al. 2007; Ohe et al. 2005; Thirunavukkarasu et al. 2003) .
To assess the extent to which the kinetic and adsorption isotherms equations fit the experimental data, two different error functions were examined.
The normalized standard deviation, ∆q (%), was estimated using the equation (Lv et al. 2007; El-Kamash et al. 2005 ):
where q exp is the experimentally determined adsorption capacity (µg/g), q calc is the adsorption capacity calculated according to the model equation (µg/g) and p is the number of experimental data points.
The average relative error E (%), which minimizes the fractional error distribution across the entire concentration range, was estimated via the equation (Allen et al. 2004; Ho et al. 2000) : 
Thermodynamics of adsorption
Thermodynamic parameters such as the Gibbs' free energy (∆G 0 ) can be obtained from the Gibbs-Helmholtz relationship (Bhattacharyya and Gupta 2009; Borah et al. 2009; Gupta and Ghosh 2009; Faghihian and Nejati-Yazdinejad 2009a,b; Kul and Caliskan 2009; Banerjee et al. 2008; Partey et al. 2008; Gopal and Elango 2007; Singh et al. 1988) , viz.
where ∆H 0 and ∆S 0 are the standard enthalpy change and the standard entropy change, respectively. The corresponding values of ∆H 0 and ∆S 0 can be estimated from the relationship between the equilibrium constant (or distribution coefficient, K d ) and ∆H 0 as defined by the Clausius-Clapeyron equation which is the thermodynamic basis for predicting the change in the value of the equilibrium constant with temperature:
where K d may be defined (Bhattacharyya and Gupta 2009; Borah et al. 2009; Faghihian and Nejati-Yazdinejad 2009a,b ; Gupta and Ghosh 2009) as:
with the other terms in the equation having their usual meanings. A plot of ln K d versus 1/T should be linear with the values of ∆H 0 and ∆S 0 being obtained from the slope (∆H 0 /R) and the intercept (∆S 0 /R), respectively. Figure 1 illustrates the thermal behaviour of IS. Heating up to 1000 ºC at a constant heating rate of 10 ºC/min led to decomposition of the sample, accompanied by a corresponding mass loss. Up to 180 ºC, the sample lost 28.0% of its weight in two steps, with maximum rates at 100 ºC (shoulder at 90 ºC) and 130 ºC, both with endothermic effects. This mass loss can be assigned to the elimination of adsorbed water. Between 180 ºC and 300 ºC, the sample lost a further 5.2% of its weight, with a maximum rate at 260 ºC (shoulder at 275 ºC) accompanied by an endothermic effect; between 300 ºC and 720 ºC, the sample slowly lost a further 3.9% of its weight. These mass losses can be assigned to dehydroxylation of the material, i.e. the transformation of FeO(OH) to Fe 2 O 3 and the dehydration of Ca(OH) 2 which was present in a small proportion in the sample. At 720 ºC, another process begins with an accompanying mass loss leading to the residue being only 52.8% of its initial weight at 1000 ºC. Thus, in order to remove most of the water from IS and to avoid the other processes taking place at higher temperatures, the drying temperature for the material was chosen as 105 ºC.
RESULTS AND DISCUSSION
Adsorbent characterization
EDX data concerning the composition of IS dried at 105 ºC are presented in Figure 2 . It will be seen from the EDX plot and corresponding data that the major component in IS was iron, thereby making it suitable for the removal of As(III) ions from water due to the high affinity of arsenic towards iron (Banerjee et al. 2008; Hsu et al. 2008; Mondal et al. 2008; Partey et al. 2008; Jeong et al. 2007; Yudovich et al. 2005; Thirunavukkarasu et al. 2003; Nikolaidis et al. 2003; Zeng 2003) . The chloride ions indicated in the plot arose from the hydrochloric acid used for chemical cleaning of steel parts, while the calcium ions came from the neutralizing agent used in the residual water treatment. The other ions found in smaller proportions either came from the solution used for degreasing the steel parts, or from the water used in various stages of the 474 A. Negrea et al./Adsorption Science & Technology Vol. 28 technological process. The zinc ions resulted from de-zincing of those parts which had been badly coated during the technological process. All the metals recorded in Figure 2 as present in IS were in the form of oxides or hydroxides. A scanning electron micrograph of IS dried at 105 ºC is presented in Figure 3 . The morphology of the sample consisted of rough conglomerates with a highly open porosity. Hence, the sample was expected to exhibit a relatively high surface area and an associated high adsorption capacity. The XRD pattern of IS (Figure 4) shows that the material was mainly amorphous with lines corresponding to poorly crystallized iron oxy-hydroxides present as goethite and lepidocrocite.
The BET surface area of the IS sample annealed at 200 ºC was 50.5 m 2 /g, with a pore volume of 0.168 cm 3 /g and an average pore size of 111.5 Å. Because of its phase composition, the sample dried at 105 ºC could not be degassed to a satisfactory extent to allow surface area analysis to be performed; however, it may be assumed that it possessed an even higher surface area.
The acid-base properties of IS play an important role in the use of the material as an adsorbent. Figure 5 shows the corresponding plot of pH f versus pH i allowing the determination of the point of zero charge (pH pzc ) for the material. The pH value of the plateau exhibited in this plot corresponds to pH pzc = 6.2. The presence of such a plateau indicates that IS was an ampholyte and behaved as an acid-base buffer (Borah et al. 2008 (Borah et al. , 2009 Cerovic et al. 2007 ). This plateau corresponds to the pH range where buffering of the IS surface occurs, thereby making all values of pH i between 4 and 9 equal to the corresponding value of pH f . The pH pzc value for IS suggests that the surface of the material was predominantly positive at pH values lower than 6.2 and negative at pH values higher than 6.2. The surface charge density of the material should increase or decrease as the pH value of the system decreases below pH pzc or increases above this value.
Effect of contact time and adsorption kinetics
The effect of contact time on As(III) ion adsorption onto IS is presented in Figure 6 . It should be noted that both the adsorption capacity and removal degree increased abruptly as the contact time was increased up to 90 min, but then remained constant. This high initial adsorption rate was due to the availability of a large number of adsorption sites on the adsorbent at the onset of the process. The plateau in the figure corresponds to the attainment of equilibrium when more than 95% of the 476 A. Negrea et al./Adsorption Science & Technology Vol. 28 No. 6 2010 pH i pH f initial amount of As(III) ions in the system had been adsorbed. The removal rate of As(III) ions was rather high compared with other results reported in the literature (Chutia et al. 2009; Gupta and Ghosh 2009; Chen et al. 2008; Jeong et al. 2007) , where equilibrium times of 3, 8, 12 and even 24 h have been cited. The rapid removal of As(III) ions coupled with a low equilibration time indicates the existence of highly favourable sorptive interactions. In addition, the removal degree was rather high compared to the results of other workers (Borah et al. 2009; Chen et al. 2008; Hsu et al. 2008; Mondal et al. 2008; Thirunavukkarasu et al. 2003) who have reported values in the range 50-80%. The residual concentration of As(III) ions in the aqueous phase at equilibrium was less than 4 µg/ᐉ, a value comparable with other results reported in the literature (Thirunavukkarasu et al. 2003 ). If the process follows first-order kinetics, the linear plot of ln C t versus t may be employed to estimate the corresponding rate constant. The pseudo-first-order rate constant may be determined from the linear plot of ln(q e -q t ) versus t, while the linear plot of 1/C t versus t may be used to determine the second-order rate constant. Finally, the pseudo-second-order rate constant can be estimated from the linear plot of t/q t versus t. The values of all these constants determined as indicated, together with the corresponding regression coefficients (R 2 ), are listed in Table 1 .
The only plot exhibiting good linearity with a good correlation coefficient (close to 1) was obtained for the case of the pseudo-second-order model (Figure 7) . The other models did not describe the kinetics of the adsorption process in a satisfactory manner and the corresponding plots have therefore not been included here. Furthermore, in the case of the pseudo-first-order model, there was a large difference between the value of q e as determined experimentally and that calculated from the kinetic plot. At the same time, the value of the estimated error was very high, indicating that the kinetic isotherm equation gave a very poor fit to the experimental data. However, in the case of the pseudo-second-order model, the theoretically predicted equilibrium adsorption capacity was close to the experimentally determined value [q e (experimental) = 96.1 µg/g; q e (kinetic plot) = 98.0 µg/g]. In addition, the fact that the correlation coefficient was close to unity and that the estimated error was lower indicates that the kinetics for the removal of As(III) ions via adsorption onto IS could be well explained and approximated by the pseudo-second-order kinetic model. However, such results provide no information regarding the rate-limiting step in the process. The rate-limiting step (i.e. the slowest step in the process) may either be boundary layer (film) diffusion or intra-particle (pore) diffusion of the solute towards the solid surface. If the ratelimiting step is intra-particle diffusion, the plot of q t versus the square root of time should be linear and pass through the origin. Any deviation of the plot from linearity would indicate that the ratelimiting step should be controlled by boundary layer (film) diffusion. The plot of q t versus t 0.5 depicted in Figure 8 shows two linear sections. The first may be attributed to intra-particle 478 A. Negrea et al./Adsorption Science & Technology Vol. 28 No. 6 2010 Time (min) t/q t diffusion, the fact that the line does not pass through the origin indicating that the mechanism of As(III) ion adsorption onto IS is complex, with both surface adsorption and intra-particle diffusion contributing to the rate-limiting step. The second linear section represents the final equilibrium stage (Bhattacharyya and Gupta 2009; Borah et al. 2009; Gupta and Ghosh 2009; Chen et al. 2008; Gopal and Elango 2007; Juang et al. 1996; Juang and Swei 1996; Singh et al. 1988 ).
Effect of the initial As(III) ion concentration and adsorption equilibrium
The adsorption isotherm for As(III) ions onto IS is presented in Figure 9 . It will be seen that, at high equilibrium concentrations, the adsorption capacity approached a limiting value. This value represents the experimentally-determined maximum adsorption capacity of As(III) ions onto IS [q m (experimental) > 550 µg/g] and is close to the value calculated using the Langmuir model ( Table 2) . The adsorption equilibrium data were correlated with the Freundlich and Langmuir isotherms. The calculated parameters, as well as the correlation coefficients (R 2 ) and the 480 A. Negrea et al./Adsorption Science & Technology Vol. 28 No. 6 2010 estimated errors for As(III) ion removal through adsorption onto IS are presented in Table 2 . It will be seen that the Freundlich plot had a lower correlation coefficient and a higher absolute error than the Langmuir plot. This suggests that the Freundlich isotherm was not suitable for describing the experimental data obtained and its plot has, accordingly, been omitted. However, the Langmuir model effectively described the equilibrium adsorption data (Figure 10 ), since the linear plot had a good correlation coefficient (> 0.99) and a low absolute error. The isotherm gave a reasonable fit to the experimental data over the entire concentration range studied, thereby suggesting that monolayer adsorption of As(III) ions onto IS was the principal mechanism in the process.
The equilibrium parameter, called the separation factor (R L ), was used to describe the essential characteristics of the Langmuir isotherm (R L > 1, unfavourable; R L = 1, linear; 0 < R L < 1, favourable; and R L = 0, irreversible) (Borah et al. 2008 (Borah et al. , 2009 Thirunavukkarasu et al. 2003) : (15) The values of R L were calculated for the entire concentration range studied and found to be greater than 0 and smaller than 1, showing that the adsorption process was favourable. However, the values of R L decreased as the initial As(III) ion concentration increased, viz. from 0.149 (for C 0 = 100 µg/ᐉ) to 0.024 (for C 0 = 700 µg/ᐉ). This indicates that adsorption was more favourable for higher initial As(III) ion concentrations. Table 3 provides a comparison of the IS adsorption capacity to that of other materials mentioned in the literature. For the same class of materials, IS exhibited a high adsorption capacity. However, it should be noted that there are highly specialized, more expensive synthetic materials available which exhibit higher adsorption capacities. 
Arsenic(III) ion adsorption from natural water
The composition of the natural ground water before and after treatment with IS is presented in Table 5 . It will be seen from the data listed that As(III) ions were almost totally removed from the water together with iron and manganese ions (the residual concentrations in all cases were below the detection limit). Treatment with IS did not lead to any increase in pH value, or any increase in the concentrations of other metallic ions as a result of leaching. These results indicate that IS would be a suitable adsorbent for the removal of As(III) ions from natural waters.
CONCLUSIONS
The adsorption performance of a low-cost adsorbent, viz. iron-containing waste sludge (IS), towards the removal of As(III) ions from aqueous solutions was examined as a means of removing such ions from synthetic aqueous solutions and natural underground water. The major component of IS was iron, thereby making it suitable for the removal of As(III) ions due to the high affinity between such ions and iron. The morphology and high surface area of IS led to a high adsorption capacity for the material. Batch adsorption experiments revealed that equilibrium was reached after 90 min, with an overall adsorption performance greater than 95%. The kinetics of As(III) ion removal through adsorption onto IS was well explained and approximated by the pseudo-secondorder kinetic model. The equilibrium adsorption data were well described by the Langmuir model. The values of the dimensional separation factor, R L , indicated favourable adsorption. The maximum adsorption capacity of IS was 625 µg As(III)/g. The variation in the extent of adsorption with temperature was used to evaluate the thermodynamic parameters for the process. The adsorption was found to be exothermic and spontaneous in nature.
The studies reported showed that iron-containing waste sludge is suitable for use as an adsorbent for the removal of As(III) ions from natural ground water. The results reported recommend the use of IS as a cost-efficient solution for both waste disposal and water treatment, in accordance with the principles of sustainable development. Moreover, the exhausted adsorbent can be immobilized in glass applications. This will remove the need for any recycling process for IS in water treatment, with the added advantage that no secondary contaminated substances are formed.
